,y-globulin, but were present in the 13-globulin fractions of a number of domestic animals. Rabbits differed from other animals studied in that antibodies to E. coli were rarely found in their sera; this was attributed in part to the low density of E. coli populations in this animal. The hemagglutination test may be used in identification of unknown 0 antigens, but does not have special merit over the bacterial agglutination test; it does not further characterize rough or untypable strains other than by demonstrating that they also possess heterogenetic antigens.
Three in vitro methods are commonly employed to characterize the antibody response to the 0 antigens of Escherichia coli: the bacterial agglutination test (Edwards and Ewing, 1962) , serum bactericidal tests (Muschel, 1960; Landy, 1 Markle Scholar in Medical Science. Michael, and Whitby, 1962) , and the hemagglutination test (Neter et al., 1952) . The bacterial agglutination test, although fairly specific, particularly when absorption is used to eliminate cross reactions between groups, suffers principally from lack of sensitivity with sera from nonhyperimmunized animals such as man. The bactericidal test has the merit of measuring biological activity. Although excellent quantitative methods have been devised, it is relatively complex to perform, requires optimal concentrations of complement from an antibody-free source, and results occasionally have not been well quantitated. The hemagglutination test does not require complement and has the advantage of great specificity, relatively good quantitative sensitivity, and ease of performance.
In a previous study (Kunin, 1962) , the hemagglutination test was employed to assess the distribution of antibodies against 11 nonenteropathic E. coli groups in human serum according to age, sex, and past history of urinary tract infections in the donors, and to measure transplacental transfer and excretion of antibody into human milk and urine. Cross absorption, antigen inhibition studies, and comparison with standard E. coli group antisera revealed the test to be highly specific and sensitive. The present study was undertaken to characterize fully the antigenic cross relationships that exist among the almost 145 established E. coli antigens, as revealed by the hemagglutination test, to determine the presence of antibody to these groups in human serum and in serum fractions from various animals, and to ascertain the significance of heterogenetic antibody to Enterobacteriaceae (Kunin, Beard, and Halmagyi, 1962) in interpretation of these tests. In addition, MATERIALS AND METHODS Hemagglutination test. Cultures of the 145 prototype E. coli 0 antigen strains, with the exception of 0 29, 31, 47, 67, 68, 72, 87, 99, and 107, together with unabsorbed hyperimmune rabbit serum prepared against all of the 0 groups with the exception of 0 8, 31, 47, 57, 67, 68, 72, 87, 88, 94, 107, 122 , and 141 were obtained from the Communicable Disease Center, U.S. Public Health Service. (We are indebted to John Winn for supplying these cultures and antisera. The rabbit antisera were preserved with 50% glycerol; all dilutions are expressed in terms of rabbit serum prior to addition of glycerol.) Thus, 136 antigens and 131 antisera were available for study; these are referred to as standard CDC 0 antigens and antisera. [O group 31, 47, 67, 72, 94, and 122 are no longer considered to belong in the E. coli schema, so that only 139 0 groups are now recognized (Edwards and Ewing, 1962) .] Other organisms were obtained from the collection of the Department of Microbiology, University of Virginia, or isolated from clinical material. Saline (0.9% NaCl) suspensions of the cultures were inoculated on the surface of Heart Infusion Agar (Difco) in petri dishes and incubated overnight at 37 C. Cultures were harvested in 10 ml of saline per plate and boiled for 2 hr, followed by centrifugation at 5,000 X g for 15 min at 0 C, and final addition of 1 ml of 95% alcohol to supernatants. Supernatants were stored at 4 C until used as antigen. Bacterial lipopolysaccharides obtained commercially (Difco) included E. coli 055:B5, 0127:B8, Salmonella abortivoequina, S. typhosa 0901, S. typhimurium, S. enteriditis, Serratia marcescens, Shigella flexneri, and Brucella abortus.
A dilution (1:10) of crude antigen or 100 ,ug per ml of the lipopolysaccharides was incubated in a water-bath shaker with a 2.5% suspension of human 0 cells (obtained in heparin) and washed three times in Hank's balanced salt solution (BSS; employed as diluent in all experiments). The treated erythrocytes were washed three times in BSS and adjusted to a final 2.5% suspension. Antigen-coated cells were employed in the hemagglutination test immediately after preparation.
Hemagglutination On the test day, sets of trays containing 12 rows of replicate dilutions of each rabbit antiserum and preparations of other reagents were warmed to room temperature. Samples of erythrocytes were coated with 12 different antigens, and 0.25 ml of each was added to rows of antisera. Mixtures were incubated for 1 hr at 37 C and read by pattern, and, after gentle shaking, for gross agglutination over a horizontally placed X-ray view box. Pattern reading was somewhat more sensitive than observation of clumping after shaking.
Hemagglutination-inhibition tests were performed by adding 0.1 or 0.25 ml of antigen to cups containing various serum dilutions, followed by incubation for 1 hr at 37 C prior to addition of sensitized erythrocytes.
Bacterial agglutination test. Bacterial strains were grown for 6 hr at 37 C in Brain Heart Infusion broth. They were then boiled for 1 hr, permitted to cool, and 0.9 ml of a 1:2 dilution in formalinized saline was added to 0.1 ml of pooled or individual rabbit antisera to make a final serum dilution of 1:500. Pools were prepared according to the system developed by Ewing et al. (1956) . Mixtures of antigen and serum were incubated overnight in a water bath at 50 C and read for gross agglutination. Rough strains were defined as those producing agglutination in all pools.
Serum bactericidal test. These tests were conducted essentially as described by Landy et al. (1962) , with the following modifications: human complement was prepared from a single donor, previously shown to have normal complement level, and stored in 5-ml portions at -70 C until used; washed bacterial cells employed to absorb antibody from human serum were boiled for 1 hr, and petri dishes were employed rather than cups in plastic trays.
Agar gel diffusion test. Gel diffusion tests were conducted with undiluted rabbit antiserum and antigen. Plates, containing 0.6% ionagar no. 2 (Oxoid) in saline with sodium azide as preservative, were held for 3 weeks at 4 C in a moist chamber before discarding.
RESULTS
Cross reactions observed with standard CDC antigens and antisera. All but 6 of the 129 available antigen-antiserum pairs reacted strongly in the hemagglutination test at rabbit serum dilutions of 1:100 and 1:400. Pairs failing to give a homotypic reaction were 0 12, 40, 90, 92, 99, and 117, and these were not considered further. Cross reactions observed with the hemagglutination test are summarized in Table  1 . Antisera against E. coli 0 14, 56, 124, and 144 were termed heterogenetic because they gave cross reactions with almost all of the E. coli antigens and with antigens prepared from other Enterobacteriaceae as well . The 014 antiserum was by far the most active in this regard. Further studies with these antisera are described below.
Comparison of the cross reactions among E. (Kunin, 1962 and confirmed by Whang and Neter (1962) . The properties of the other antisera were indistinguishable from those of 014; e.g., they did not agglutinate heterologous bacteria, did not form precipitins with heterologous soluble antigens, and cross reactions could be inhibited by preincubation with any one of many Enterobacteriaceae antigens.
Serum bactericidal tests employing 014 rabbit antisera (Table 3) indicated that this serum was weakly bactericidal only against the homologous strain of E. coli, but not against other antigenic groups, nor against Salmonella or Shigella strains.
Identification of clinical isolates of E. coli by the hemagglutination test. Crude 0 antigens were prepared from 32 clinical isolates of E. coli obtained from school children with urinary tract infections . Of these strains, 20 were smooth and could be grouped by the bacterial agglutination test; 12 were rough strains and could not be identified according to the 0 group. Human erythrocytes were sensitized with each of these antigens and tested for reactivity with all of the available rabbit 0 antisera. The results with the smooth strains are summarized in Table 4 . In 15 of 20 instances (75%), at least one of the cross reactions corresponded with the grouping previously established. Cross reactions were largely restricted to those previously summarized in Table 1 , although a few were in accord with the observations of Ewing et al. (1956) had not been previously observed. Considerable variation was encountered, even among isolates of the same group. Five isolates (25%) failed to react with any of the antisera, and of these only one reacted with the heterogenic 014 antiserum; they presumably produced poor antigens.
The 12 rough strains failed to react with any of the antisera except those with heterogenetic properties; 11 (92%) reacted with 014 and with 0144, 5 (42%) with 0124, but none with 056 antiserum. Thus, the rough strains were shown to possess common Enterobacteriaceae hapten, but not specific 0 group antigens.
DISCUSSION
The current study was devised to assess the value of the hemagglutination test in serological characterization of E. coli 0 antigens and for measurement of antibodies in serum. Homologous E. coli 0 antigen groups and rabbit antisera representing 129 pairs obtained from the Communicable Disease Center reacted quite well in all but a few instances in the hemagglutination system. Cross reactions among groups were much less frequent than reported with the bacterial-agglutination test; only a small number of previously unrecognized cross reactions were observed. The most striking observation was the capacity of certain rabbit antisera to hemagglutinate cells coated with 0 antigen preparations from many different Enterobacteriaceae species, including rough strains of E. coli isolated from clinical material. These heterogenetic reactions, particularly prominent with 014 antiserum, have been described in detail elsewhere and recently confirmed by Whang and Neter (1962) . The same, although much less marked, heterogenetic activity was observed in the current study with rabbit antisera prepared against E. coli groups 056, 0124, and 0144. Investigations now in progress are concerned with separation of heterogenetic material from 0 antigen preparations and with study of the relation of these factors to the rough antigen.
The role of heterogenetic antibody in resistance to infection, if any, is probably minor, since 014 antisera were found to be only weakly bactericidal against homaotypic strains and inactive against other E. coli or Enterobacteriaceae species.
More important is the possibility that heterogenetic antibody may be confused with specific 0 group antibody in serological studies employing the hemagglutination test. Antibodies to almost all of the known E. coli groups were detected in individual samples of human serum, pooled ,y-globulin, and serum fractions from various animals. Antigen inhibition studies, however, indicated that, on the average, one-half of the titer obtained against the various antigens in serum from a single human was probably due to heterogenetic antibody, and that this heterogenetic activity was even more marked in canine and equine A-globulins. It must be emphasized, however, that although preincubation of serum with crude 014 antigen reduced titers against heterologous antigens, the wide spectrum of antibody against many groups persisted. The antigenic stimulus which accounts for such a wide reactivity of human and other sera against many E. coli 0 groups is not entirely clear, but presumably much of it is due to the fecal micro-flora. The limited number of cross reactions detected by the hemagglutination test suggests that the stimulus is provided by many different organisms, rather than by a few with broad cross reactivity. In view of the presence of heterogenetic Enterobacteriaceae antibody in serum, it is suggested that serological studies employing the hemagglutination test be controlled by either absorbing this component or blocking it by addition of 014 or other antigens. Almost every Enterobacteriaceae 0 antigen studied has the capacity to block this reaction.
E. coli antibody appears predominantly in the 'y-globulin fraction of human serum but in dogs, pigs, cows, and horses is primarily in the ,3-fraction. Typhoid 0 antibodies have been found exclusively in the 19 S fraction of human serum (Fink et al., 1962) . E. coli antibodies may be in this same fraction, since they are also poorly transmitted to the fetus across human placenta (Vahlquist, 1958; Kunin, 1962 ), which appears to be quite permeable to 7 S but not to 19 S globulins. The failure to detect antibodies to E. coli in pooled rabbit ,B-and 'v-fractions and in most of the individual rabbit sera studied at a dilution of 1:10 may be a reflection of the generally low population densities of E. coli found in rabbit feces. Smith and Crabb (1961) failed to find E. coli in four of ten rabbit fecal specimens studied; the mean concentration per g of feces was only 102.7 in their study, much lower than observed in other domestic animals. E. coli were found in only three of seven caecal samples in this study, and only two of these animals possessed antibodies to strains isolated from rabbits. This observation is of significance, since rabbits are extensively used to prepare E. coli antisera and for the study of experimental infections with these organisms. It is possible to identify E. coli strains according to their 0 antigens by the hemagglutination test. The necessity of preparing crude 0 antigens, coating erythrocytes, prediluting sera, and the problem of heterogenetic reactions indicate that this approach has no great advantage over the well-established bacterial agglutination method. The hemagglutination test failed to characterize further rough or untypeable strains other than to demonstrate heterogenetic antigen.
It appears from these and other studies that the hemagglutination reaction is a sensitive and fairly specific test for antibodies directed against E. coli 0 antigens, provided that both the limited cross reactions found among 0 groups and the broad heterogenetic cross reactions noted for Enterobacteriaceae species be taken into account or controlled.
